The complete nucleotide sequence of the P gene of simian virus 41 (SV41) was determined. The gene was found to be 1406 nucleotides long and to contain a relatively small open reading frame encoding a cysteinerich V protein with a calculated M r of 24 076. We have demonstrated that RNA-editing events occur in SV41 P gene transcripts and that the ratio of edited mRNAs to faithfully copied mRNA (P-mRNA :V-mRNA) is about 1:5 at either 24 or 40 h post-infection. The mRNA with two G insertions was capable of encoding a P protein of 395 amino acids with a predicted M r of 41 992. A kinetic study of P and V proteins by Western blot analysis showed that in virus-infected cells the amounts of both proteins were almost equal although the V-mRNA was considerably more abundant than the P-mRNA. Alignment of the SV41 P and V proteins with those of nine other paramyxoviruses demonstrated that irregular gaps were present around the RNA-editing sites.
The complete nucleotide sequence of the P gene of simian virus 41 (SV41) was determined. The gene was found to be 1406 nucleotides long and to contain a relatively small open reading frame encoding a cysteinerich V protein with a calculated M r of 24 076. We have demonstrated that RNA-editing events occur in SV41 P gene transcripts and that the ratio of edited mRNAs to faithfully copied mRNA (P-mRNA :V-mRNA) is about 1:5 at either 24 or 40 h post-infection. The mRNA with two G insertions was capable of encoding a P protein of 395 amino acids with a predicted M r of 41 992. A kinetic study of P and V proteins by Western blot analysis showed that in virus-infected cells the amounts of both proteins were almost equal although the V-mRNA was considerably more abundant than the P-mRNA. Alignment of the SV41 P and V proteins with those of nine other paramyxoviruses demonstrated that irregular gaps were present around the RNA-editing sites.
Simian virus 41 (SV41) is an agent isolated from cynomolgus monkey kidney cell cultures used in the safety testing of poliomyelitis vaccine (Miller et al., 1964) . It is a member of the paramyxovirus genus, with a non-segmented negative-strand RNA of approximately 15 kb. We have recently shown that SV41 is prevalent in the human population , although its relation to specified disease (s) is not yet clear. Tsurudome et al. (1990) have reported that the antigenic and structural properties of SV41 reveal a closer relationship to human parainfluenza type 2 virus (HPIV-2) than to simian virus 5 (SV5). The nucleotide sequence of the SV41 genome with the exception of the P gene has already been determined (Tsurudome et al., , 1991a Ogawa et al., 1992) .
The P protein of paramyxoviruses is an indispensable polypeptide which plays a direct role in the transcription and replication of viral RNA, in cooperation with the L protein (Hamaguchi et al., 1983) . Also the paramyxovirus P gene frequently encodes one or more other small polypeptides. The C protein, translated from an overlapping open reading frame (ORF), exists in Sendai virus (SV) (Dethlefsen & Kolakofsky, 1983; Giorgi et al., 1983) , human parainfluenza type 3 virus (HPIV-3) (Spriggs & Collins, 1986) and in two morbilliviruses, measles virus (MV) and canine distemper virus (CDV) (Barrett et al., 1985 ; Bellini et al., 1985) . However, in five other viruses [HPIV-2, SV5, mumps virus (MuV), HPIV type 4 (HPIV-4) and Newcastle disease virus (NDV)], the C ORF is missing (Ohgimoto et aL, 1990; Thomas et al., 1988; Takeuchi et al., 1988; Kondo et al., 1990; Sato et al., 1987) . Furthermore, Thomas et al. (1988) reported that the small V and P polypeptides of SV5 were translated from two mRNAs that differed by the presence of two non-templated G residues. This RNA-editing at a specific insertion site has been demonstrated in other paramyxoviruses also: MV, SV, MuV, HPIV-2, HPIV-4A and HPIV-4B (Cattaneo et al., 1989; Vidal et al., 1990a; Paterson & Lamb, 1990; Ohgimoto et al., 1990; Kondo et al., 1990) . The P and V proteins initiate from the same AUG codon and share the N-terminal amino acid sequence upstream of the G residue insertion site. The V protein has a cysteine-rich region in the C terminus and may possess metal-binding properties (Thomas et al., 1988) . However, in the case of HPIV type 1 (HPIV-1), the RNA-editing site is not only lost but the V ORF is terminated with a multiple stop codon. (Matsuoka et al., 1991) . Therefore, considerable controversy has arisen as to the role(s) of the cysteine-rich V protein. Furthermore, little is known about the mechanism by which RNA-editing operates. Accordingly, we sequenced the P gene of SV41 in this study and clarified that the RNA-editing event also occurs in RNA transcripts derived from the P gene of SV41 in a similar manner to SV5, MuV, HPIV-2 and HPIV-4s.
Plaque-purified SV41 grown in Vero cells was used for generating cDNA libraries. Virus propagation and purification of virus mRNA and nucleocapsid RNA MLIqLANDCMGKPDQKAEIVAKIHA 376 GGCTACTCGTGAGGCTCAGCTGTTAGATATCAAGCGCAGCATCATCAAGTCTGCAATATAAGAAATCTTAGTTGA 1270 were performed as previously reported Kawano et al., 1990) . Genomic cDNA libraries of SV41 were constructed by the method of Gubler & Hoffman (1983) , screened with an SV41 M-specific clone containing approximately 500 bases of the P gene (Tsurudome et al., 1991b) and sequenced as described elsewhere ).
The nucleotide sequence of the P gene is presented in Fig. 1 in the positive sense. It was 1406 nucleotides in length containing a poly(A) tract of six residues. The first ATG codon was at nucleotides 71 to 73 and the position was consistent with that of HPIV-2. The ORF following the first ATG codon, which was in the most favoured context (Kozak, 1986) , was capable of encoding a polypeptide of 225 amino acids. The polypeptide contained a cysteine-rich C-terminal region which shared high similarities with those of paramyxovirus V proteins. The deduced My was 24075, which was in agreement with that (29.5K) of the SV41 V protein calculated by SDS-PAGE . These findings showed that the exact copy of the SV41 P gene encoded the V protein, similarly to other paramyxoviruses such as HPIV-2, SV5, MuV and HPIV-4s. There was a seven C (7C) cluster region (nucleotides 551 to 561 in Fig. 1 ) in the genomic RNA of SV41, which was preceded by a poly(A) signal-like sequence. The same sequence, UUGAAAUUCUCCCCCCC, was also found in the HPIV-2 P gene (Ohgimoto et al., 1990) , and RNAediting of the HPIV-2 P gene was anticipated to occur at this region.
To investigate the RNA-editing in the P gene of SV41, mRNA of SV41 was analysed by PCR. Thus, we synthesized two oligonucleotide primers, one identical to the nucleotides from 422 to 438, and the other complementary to nucleotides 639 to 655 of the putative P gene transcript. Subsequently, cDNAs against the mRNA were amplified by PCR. The resulting doublestranded cDNAs were subcloned into pUCll9 and sequenced. Fifteen of the 18 cDNA clones obtained from virus-infected cells at 24 h post-infection (p.i.) had seven G residues and, therefore, reflect correct copies of the genomic RNA. G residue clusters of the remaining three clones were composed of nine G residues, indicating that the RNA-editing occurred at the anticipated site (Fig. 2 a) . When the total uncloned PCR products were electrophoresed on a 6 % polyacrylamide gel, the ratio of the band containing seven Gs to the band of nine Gs was approximately 5:1 (data not shown), confirming the sequence data for the cloned PCR products. Furthermore, for the purpose of studying the temporal control of mRNA-editing, we carried out PCR using mRNA obtained from virus-infected cells at 40 h p.i. Eighteen of 22 cDNA clones contained no insertions (seven G; Vspecific), three clones contained two inserted Gs and the one remaining clone had three inserted Gs (Fig. 2b) . These results indicated that the RNA-editing ratio was nearly constant from 24 h to 40 h p.i. Insertion of two G residues resulted in a frameshift of the transcripts and provided an additional protein of 395 amino acids with a predicted Mr of 41992. This polypeptide was thought to be the P protein of SV41 on the basis of its Mr and close resemblance to the HPIV-2 P protein (data described later). The ratio of P protein:V protein in SV41 virions at about 24 h p.i. was found to be approximately 1 : 1 when analysed by Western blotting, a ratio similar to that observed in HPIV-2 . Since the ratio of edited to non-edited RNA did not correlate with the protein ratio in the virion, we investigated the kinetics of SV41 V and P proteins in virus-infected cells.
We compared the ratio of P to V proteins in SV41-infected cells by Western blotting using monoclonal antibodies (MAbs) which recognized an epitope common to the P and V proteins (Fig. 3) . The amounts of P and V proteins were almost equivalent at all times. These results were inconsistent with the mRNA ratios.
The ratios of P-mRNA to V-mRNA were approximately 1:3 in MuV-infected cells (Paterson & Lamb, 1990) and 2:1 in SV-infected cells (Vidal et al., 1990a) . These results indicate that the faithfully copied mRNAs (V-mRNA in SV41 and MuV, or P-mRNA in SV) are found more frequently than edited transcripts in virusinfected cells although these ratio values are variable. Fifty of 161 cDNA clones derived from SV mRNA had a one G residue insertion and 12 cDNA clones contained insertions of two to eight G residues (Vidal et al., 1990a) . As for MuV, 10 out of 54 clones had two G residues inserted and 10 cDNA clones had more insertions of three to six G residues. In SV41, only one of 40 clones had three G residues inserted and six clones contained two additional G residues. Interestingly, in MuV and SV41, no clone with one G inserted has been observed, but the number of clones analysed was lower than for SV. The RNA-editing is mediated by the virus-specific RNA polymerase (L protein) (Vidal et al., 1990a) and the editing strategy may be common among these viruses, that is a stuttering mechanism involving recognition of a poly(A) signal-like sequence preceding the G residue cluster (exact insertion site). However, in the case of SV, one G residue insertion creates a new meaningful mRNA (V-mRNA), whereas the insertion of two Gs is essential for producing a new meaningful mRNA (P-mRNA) in MuV and SV41. The nucleotide sequence immediately upstream of the C residue cluster of SV41 is AAAUUCU, which is conserved among HPIV-2, SV5, MuV, HPIV-4A and HPIV-4B. The sequences preceding the G residue clusters of SV and MV differ from that of SV41. Vidal et al. (1990b) proposed that a consensus sequence 3' UUYUCCC 5' is evident, in which the Y is a U in those viruses where one G is inserted, and a C where two Gs are inserted, and it is this difference which may be involved. Like those viruses, the sequence at the editing site in the SV41 P gene supported the hypothesis.
In MuV-infected cells, the relative amounts of P and V proteins correlated approximately with the ratio of mRNA species (Paterson & Lamb, 1990) . However, when we examined the amount of P and V proteins in SV41-infected cells at various times by Western blotting, the ratio was constant (approximately 1:1) at any time (Fig. 3) , a result which conflicts with the ratio of mRNA species observed here. For SV5 and HPIV-2, the ratio of V-and P-mRNA is nearly equivalent (Thomas et al., 1988; Ohgimoto et al., 1990) . These results were estimated from samples of sequenced cDNA clones derived from mRNA without PCR amplifications. In SV41, therefore, the apparent discrepancy between the roughly equimolar amounts of V and P proteins, and apparent low amount of edited RNA encoding P, may be due to an unequal formation of PCR products resulting from the longer oligo(G) stretch in the edited transcripts which slows down denaturation.
The amino acid sequence of the SV41 P protein was aligned with those of HPIV-2, SV5, MuV, HPIV-4A and NDV (Fig. 4a) . The alignment of the HPIV-2 group revealed curious gaps around the editing site. Pelet et al. (1991) postulated that the editing site lies in a divergent hinge region of the P protein connecting the N-and Cterminal functional domains. These variabilities at the editing site are found throughout the paramyxovirus family. It may be inferred that these gaps have arisen during the infinitely repeated life cycles of all the paramyxoviruses.
Eleven amino acids of SV41 were conserved in all the viruses compared. A stretch, K-I-M-D-P, is highly conserved and the isoleucine (I) was also common to all paramyxoviruses. The P protein of SV41 was most Fig. 4 . Sequence alignment of six paramyxovirus P proteins (a) and of the C-terminal regions of 10 paramyxovirus V proteins (b), of HPIV-2 (Ohgimoto et al., 1990) , SV5 (Thomas et al., 1988) , MuV (Takeuchi et al., 1988) , HPIV-4A , NDV (Sato et al., 1987) , MV (Bellini et al., 1985) , CDV (Barrett et al., 1985) , HPIV-3 (Luk et al., 1986) and SV (Neubert, 1989) . The asterisks under the amino acid sequences indicate the residues common to these viruses.
closely related to that of HPIV-2 (67-3 % identity), and significant identities were noted with other viruses" SV5 (44-1%), MuV (36.1%) and HPIV-4A (18.9%). The V protein of SV41 also showed the highest identity with HPIV-2 (69"3 %). On the other hand, neither the P nor V protein amino acid sequences of SV41 could be aligned with SV, HPIV-3 and morbilliviruses (MV and CDV) owing to the lack of homology in the N-terminal regions. (Fig. 4a) , we estimated the number of amino acid substitutions for all pairs and constructed a phylogenetic tree for six paramyxoviruses using the unweighted pairwise grouping method (Kimura, 1983) .
Within the HPIV-1 group, alignment of the P protein shows that it is composed of N-and C-terminal conserved blocks, joined in the middle by a hypervariable region of about 100 amino acids, which presumably acts as a bridge or a tether (Pelet et al., 1991) . The C-terminal regions of the V proteins which have the cysteine-rich domain were highly conserved among all the paramyxoviruses (Fig. 4b) . Furthermore, the C-terminal region of the SV41 P protein also showed moderate homologies with those of all the other paramyxoviruses. Subsequently, a phylogenetic tree of the P proteins of SV41, HPIV-2, SV5, MuV, HPIV-4A and NDV has been constructed (Fig. 5) . The phylogenetic tree evidently demonstrated that SV41 is most closely related to HPIV-2. The diversities of the P protein were remarkable even among the HPIV-2 group but the branching order was constant.
